Fourteen pesticides (fungicides, herbicides, and insecticides) were tested to determine whether they had deleterious effects on the bioinsecticide Bacillus popiliae, the causal agent of milky disease. All of these pesticides reduced levels of spore viability, spore germination, and/or vegetative cell growth when they were tested over a range of concentrations from 0 to 1,000 ppm of active ingredient, and the fungicides had the greatest detrimental effects. As determined by tests in water, the level of spore viability was significantly reduced by chlorothalonil, iprodione, (2,4-dichlorophenoxy)acetic acid plus 2-(2,4-dichlorophenoxy)propionic acid, and 2-[(4-chloro-o-tolyl)oxyJpropionic acid plus (2,4-dichlorophenoxy)acetic acid. In tests performed with iprodione, loss of viability was evident at concentrations less than the concentration calculated to result from recommended use. Tests performed in soil demonstrated that triadimefon, chlorothalonil, (2,4-dichlorophenoxy)acetic acid plus 2-(2,4-dichlorophenoxy)propionic acid, and pendimethalin at concentrations resulting from recommended rates of application reduced spore titers. Spore germination did not occur in the continued presence of 2-[(4-chloro-o-tolyl)oxy]propionic acid plus (2,4-dichlorophenoxy)acetic acid, isofenphos, and chlordane, whereas exposure of spores to triadimefon or pendimethalin for 2 days stimulated germination. The tests to determine effects on spore germination were inconclusive for all other pesticides. Triadimefon, chlorothalonil, iprodione, pendimethalin, and chlorpyrifos at concentrations less than the concentrations recommended for use inhibited vegetative cell growth of B. popiliae, and chlordane at a concentration that was twice the concentration expected to result from the recommended rate of application repressed cell growth. My data support the hypothesis that use of synthetic pesticides can contribute to a low incidence of milky disease in white grubs.
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Bacillus popilliae, a soilborne microorganism, is the causative agent of milky disease in larvae of the Japanese beetle (Popillia japonica Newman) and other, related scarab beetles. Scarab beetle larvae, which are C-shaped white grubs that live in the topsoil of turf, feed on the roots of grasses and small plants. During feeding, spores of B. popilliae (the contagion) may be ingested. From 1939 to 1951, spores of this bioinsecticide were used extensively to combat Japanese beetle infestations in the eastern United States (10) . Populations of Japanese beetles reportedly declined during the late 1940s and remained low for 25 years. In the early 1960s, Beard stated that the Japanese beetle population in Connecticut had an impressively high incidence of milky disease (3) . However, in 1975, Dunbar and Beard reported that the incidence of this disease in Japanese beetle larvae had decreased considerably (7) . Low levels of milky disease were again reported in 1988 and 1990 (11, 12) .
Several theories have been proposed to account for the decrease in the incidence of milky disease. One theory proposes that Connecticut is at the northernmost edge of the range of B. popilliae, and it is suspected that low soil temperatures suppress disease development (1, 27) . Dutky has shown that following injection of Japanese beetle larvae with B. popilliae spores, the length of time before disease symptoms appear increases as the temperature decreases (8) . Similarly, development of milky disease in larvae of the European chafer (Amphimallon majalis) and the common cockchafer (Melolontha melolontha) is also influenced by temperature (13, 28) . A temperature range of 15.5 disease development in Japanese beetles when the temperature of the assay preparation is kept constant (9) . However, Milner et al. found that when they fluctuated soil temperature, a range of 13 to 23°C did not restrict the development of disease caused by B. popilliae subsp. rhopaea (17) . The mean low air temperature-mean high air temperature ranges in Connecticut during the larval feeding months of May and September are 11.8 to 16.5 and 14.6 to 19.7°C, respectively (4).
Dunbar and Beard (7) have proposed that the low disease incidence observed in Connecticut involves attenuation of B. popilliae virulence and the development of larval resistance to milky disease. These authors reported that they found a difference in virulence when they compared the incidence of disease resulting from intrahemocoelic injection of spores isolated from larvae obtained in New York and Connecticut. However, differences in the levels of spore viability of the samples tested were not measured. Although Dunbar and Beard also reported that larvae had developed resistance to B. popilliae, they stated that the results of susceptibility studies showed no consistent pattern and that larvae from Connecticut were no less susceptible than larvae from Ohio or New York. Tashiro (27) 90 pul of a diluted pesticide suspension (0, 1, 10, 100, and 1,000 ppm of A.I.) in a 1.5-ml microcentrifuge tube, and the preparations were incubated in a 25°C water bath for 48 h with continuous agitation. After incubation, 900 pul of sterile H20 was added to each tube, and the spore suspensions were heat shocked in a 60°C water bath for 15 min. Dilutions (10-2, 10-3, and 10-4) of each suspension were prepared by using sterile H20, and 0.1 ml of each dilution was spread onto an MYPGP agar plate. The resulting plates were incubated at 30°C for at least 4 days, and the numbers of CFUs were determined to determine viable spore titers.
To assess spore resistance to various pesticides in the presence of soil, 75 g of spore powder was mixed with 750 g of air-dried soil (Cheshire fine sandy loam; Lockwood Farm, Hamden, Conn.). For each of the pesticides examined, 2.5-ml portions of aqueous suspensions containing pesticide at concentrations that were 0, 1, 5, and 10 times the recommended application rate (calculated for 10 g of soil) were added to 1-oz (ca. 30-ml) P-10 portion cups (Comet Products Inc., Chelmsford, Mass.) containing 10 g of the spore powder-soil mixture. The cups were sealed and then incubated at room temperature after the soil mixture was stirred to ensure complete hydration. After 2 days, 1 g of soil was removed from each cup and suspended in 1 ml of H20. Each soil-water suspension was heat shocked as described above, and dilutions (10-' and 10-2) were plated onto selective media (25) and incubated at 30°C for 10 days to determine spore titers.
For both methods, a spore titer index was determined for each concentration of pesticide tested. The spore titer indices were calculated by determining the ratio of the number of CFUs on the experimental plates to the number of CFUs on the control plates (spores exposed to no pesticide).
Inhibition of vegetative cell growth. B. popilliae KLN 24 h, and the cell titer in each culture tube was determined by direct microscopic counting, using a Petroff-Hauser counting chamber (Hauser Scientific Partnership, Horsham, Pa.). The levels of vegetative cell growth that occurred at the various pesticide concentrations were expressed as ratios of cell titers in culture tubes containing pesticide to cell titers in culture tubes containing no pesticide.
Spore germination. MYPGP agar plates containing pesticide were prepared by adding 0.5-ml portions of pesticide (final concentrations, 0, 0.1, 1, 10, 100, and 1,000 ppm of A.I.) to sterile petri dishes before 25-ml portions of MYPGP agar (liquified by autoclaving and cooled to 65°C) were added. The plates were allowed to set for 48 h before they were used. Spores (10 ,ul of the strain DNG 11 stock suspension) were suspended in 90 ,ul of H20 in a 1.5-ml microcentrifuge tube, and then this suspension was incubated and heat shocked as described above for the spore resistance experiment. Dilutions (10-2, 10-', and 10-4) of the heat-shocked spore suspension were prepared, and 0.1-ml portions of each dilution were spread onto the pesticide-containing plates. The plates were incubated at 30°C for 10 days before the numbers of CFUs were determined. A spore germination index was determined for each pesticide concentration by comparing the number of CFUs on the pesticide-containing plate with the number of CFUs on pesticide-free plates (no A.I.).
Statistical analysis of data. To facilitate comparisons between the results of experiments in which differences in control titers were observed, the ratios of titers in the experimental assays to titers in the control assays were calculated. The mean and 1 standard deviation of the index were determined for each concentration by using the results obtained in at least two independent assays. Analysis of variance (ANOVA) (Microsoft Excel; Microsoft Corp., Redmond, Wash.) was used to determine the statistical significance of differences between titers. The ANOVA was performed by using raw titer values and not the index values.
RESULTS
Influence of pesticides on spore viability. Spores were exposed to pesticides routinely used on turf to ascertain whether viability was affected (Table 1) . Table 2 shows the mean viable spore titer indices for B. popilliae spores after 2 days of exposure to different concentrations of six pesticides in an aqueous environment. The viable spore titers decreased significantly as the concentrations of chlorothalonil (Daconil 2787 Flowable), iprodione (Chipco 26019 FLO), (2,4-dichlorophenoxy)acetic acid (2,4-D) plus 2-(2,4-dichlorophenoxy) propionic acid (2,4-DP) (Weedone DPC Amine), and 2-[(4-chloro-o-tolyl)oxy]propionic acid (MCPP) plus 2,4-D (2 PLUS 2) increased. In experiments performed with iprodione, loss of spore viability was evident at a concentration that was approximately one-half of the aqueous application concentration (AAC) ( Tables 1 and 2 ). The AAC is the concentration that has been calculated to result from uniform dispersal of a pesticide in the amount of H20 recommended for washing the pesticide into the soil (25 liters/M2). The amounts of pesticide applied per area of land were determined by using the manufacturers' label recommendations, as given in the 8th Crop Protection Chemicals Reference (13a). In the chlorothalonil tests, I observed a small but significant decrease in the spore titer at a concentration that was nearly three times the AAC. AACs. Dimethyl tetrachloroterephthalate (Dacthal W-75 AG), dicamba (Banvel), and the six insecticides studied in this investigation did not affect spore titers at the concentrations examined (0 to 1,000 ppm).
In general, 1% of the B. popilliae spores spread onto MYPGP agar plates produce colonies, and it has been presumed that this low level of colony production is due to low rates of germination and outgrowth of B. popilliae spores (23, 24 ; unpublished data). Any factor that increases spore germination rates results in greater numbers of CFUs on plates and, thus, has an apparent stimulatory effect on spore viability. Exposure of spores to increasing concentrations of triadimefon (Bayleton 25) and pendimethalin (Pre M 60 DG) resulted in significant increases in the spore titer indices ( Table 2 ). The stimulatory effects observed were considered to be the result of enhancement of spore germination following exposure to the two pesticides and were first observed at a concentration of 10 ppm of A.I.; this concentration is equivalent to the AAC for both pesticides.
Previously described experiments were performed in an aqueous environment. However, spore-pesticide interactions naturally occur in the presence of soil. When concentrations that were 1, 5, and 10 times the recommended soil application rate for each pesticide were examined in soil experiments, two of the six pesticides that were found to have an effect on spore viability in an aqueous environment (Table 2) , iprodione and MCPP plus 2,4-D, did not exhibit any inhibitory effects (data not shown). The reason for this lack of inhibition is not known. Table 3 shows that at concentrations that were five times the application rate or more, triadimefon, 2,4-D plus 2,4-DP, and pendimethalin significantly reduced spore titers. Chlorothalonil killed essentially all viable B. popilliae spores in soil when it was present at the rate recommended for application. The fact that MCPP plus 2,4-D did not decrease the spore titer indicated that the reductions in spore titers observed with 2,4-D plus 2,4-DP were probably due to 2,4-DP. In the presence of soil, chlorothalonil, triadimefon, 2,4-D plus 2,4-DP, and pendimethalin reduced the viability of B. popilliae spores (Table 3 ).
As measured in soil, triadimefon and pendimethalin significantly decreased spore viability. However, the results of studies of these two pesticides in an aqueous environment showed that they had significant stimulatory effects on spore viability ( Table 2 ). The explanation for this discrepancy is not known and is discussed below.
Inhibition of vegetative cell growth. All of the pesticides tested in this study repressed B. popilliae vegetative cell growth at a concentration of 1,000 ppm (data not shown). Chlorothalonil, iprodione, and chlorpyrifos (Dursban* 4E) severely inhibited cell growth at concentrations below their respective AACs (Tables 1 and 4 ). Chlorothalonil exhibited the greatest inhibitory effect on the growth of B. popilliae. The vegetative growth in medium containing 0.1 ppm of chlorothalonil was approximately 19% of the growth in the control (data not shown). Pendimethalin and triadimefon exhibited increasing levels of inhibition over the concentration ranges tested. At concentrations between 10 and 25 ppm of pesticide A.I., growth was one-half of the control growth ( Table 4 ). The AAC for each pesticide is within this range. Technical grade chlordane was not significantly inhibitory until its concentration was nearly twice the AAC (Tables 1 and 4) .
Suppression of spore germination. Spores of B. popilliae DNG 11 were spread onto MYPGP agar plates containing various concentrations of pesticides, and the plates were monitored for colony formation. Over the concentration range tested (0 to 1,000 ppm), all 14 pesticides inhibited colony development as determined by this assay. However, inhibition by most of the pesticides was believed to be due to the negative effects which the pesticides exerted on spore viability and/or cell growth, rather than to repression of spore germination. For example, enhancement of spore germination by triadimefon and pendimethalin (see above) could not be assayed by this procedure because of the overshadowing inhibition of cellular growth (Table 4) observed at the concentrations needed to significantly stimulate germination (Table 2 ). Only MCPP plus 2,4-D, isofenphos, and technical-grade chlordane unambiguously inhibited spore germination (Table 5 ). Inhibition by isofenphos and chlordane was first detected to be significant at a concentration of 10 ppm. This concentration was less than the lowest concentration observed to suppress vegetative cell growth (data not shown for isofenphos in Table  4 ), and, as stated above, isofenphos and chlordane (insecticides) did not affect spore viability. These insecticides inhibited spore germination at concentrations that were equivalent to or less than their respective AACs ( Table 1) .
Inhibition of spore germination was first observed at a concentration of 100 ppm for MCPP plus 2,4-D (Table 5) ; this concentration resulted in a spore germination rate that was approximately 25% of the spore germination rate of the control. Vegetative growth was not inhibited by MCPP plus 2,4-D at a concentration of 100 ppm (data not shown), and spore viability was not significantly affected at a concentration of 100 ppm (Table 2) . MCPP plus 2,4-D did not significantly inhibit spore germination at the AAC (Table 1) .
DISCUSSION
The effectiveness of milky disease as a bioinsecticide is dependent on the continued availability of viable spores as contagion (9, 26) . From 1939 to 1951, efforts to control Japanese beetles by the addition of massive quantities of milky spore powder resulted in a large B. popilliae spore population in the soil of the eastern United States (10). Since then, commercial production of B. popilliae endospores has decreased substantially. At this time only one small-scale supplier (Fairfax Biological Laboratories) is believed to remain in production. Thus, propagation of milky disease is dependent on the viable spores that remain in the soil following the years of active milky spore powder application and on the continued maintenance of a viable spore population by recycling through larval hosts. Therefore, any factor that upsets the delicate balance between B. popilliae and its host decreases milky disease propagation and incidence.
In this study I tested the effects of commonly used turf pesticides on spore viability, spore germination, and vegetative cell growth of this bioinsecticide. I assumed that the active ingredients of the pesticides tested were the operative agents since xylene, a solvent used in some formulations, was not inhibitory to B. popilliae spores or cells (data not shown) and all of the fungicides, herbicides, and insecticides examined had detrimental effects on B. popilliae, regardless of pesticide type or formulation.
To determine if a pesticide is used at a rate that affects B. popilliae, a standard soil concentration based on the application rate was required. Pesticides used on turf are generally applied as concentrated spray mixtures to the soil surface (Table 1) and are immediately washed into the soil with approximately 25 liters of H20 per m2 of soil. Because of this practice, it is not likely that any pesticide is uniformly dispersed in soil. Pesticide dispersal is dependent on many factors, including soil type, amount of water used, and the mechanics of leaching of the concentrate into underlying regions. Similarly, adsorption to thatch and soil also affects pesticide dispersal. For example, chlordane, diazinon, chlorpyrifos, and the experimental and unregistered insecticide CGA 12223 (isazofos; Ciba-Geigy) have been reported to exhibit little downward dispersal following application (21) . Therefore, it is likely that the concentrations of pesticides applied to turf are initially several times higher in the upper level of soil than the concentrations recommended for use. This is of importance to the concentration of a pesticide that acts on B. popilliae and to the development of milky disease because white grubs usually feed within the top 5 cm of soil (9, 27) .
In tests involving soil, spore viability and the effect of pesticide usage could be compared directly by using multiples of the application rate (Table 3) . However, pesticide-bacterium interactions that occur in the soil probably occur in aqueous microenvironments, and the concentration of the pesticide-water suspension that results from recommended pesticide use and water application (i.e., the AAC) should determine the effect on B. popilliae. For tests not involving soil, the AAC was used as the standard. This standard is a conservative estimate of the concentration resulting from usage since lack of even dispersal of the pesticide in the water, excess Among the pesticides tested in this study, the fungicides and the herbicide pendimethalin exhibited the greatest detrimental effects on B. popilliae. These pesticides are members of four different classes of chemicals (Table 1) and have different primary modes of action. Chlorothalonil is a multisite inhibitor that suppresses growth by alkylation of sulfhydryl groups and has a broad spectrum of biological activity (30) . Meunier and Meyer reported that chlorothalonil is very inhibitory to bacteria of the phylloplane and that low bacterial populations were detectable for 30 days after treatment (16) . The half-life for chlorothalonil in soil is between 5 and 90 days (18) . Triadimefon is a triazole that inhibits sterol biosynthesis in fungi by preventing demethylation (14) . This binding has been reported to be specific for the iron porphyrin group of a cytochrome P-450 monooxygenase involved in sterol biosynthesis, although secondary activity has been observed. The mode of action of iprodione (half-life in soil, between 20 and 160 days [18] ) is unclear, but this pesticide may block flavin enzymes and cause abnormal electron flow that produces oxygen radicals and H202 (22) . B. popilliae reportedly contains both a cytochrome and a direct flavin link for the flow of electrons to oxygen but lacks catalase and peroxidase activities (20) . The dinitroaniline pendimethalin may inhibit cell elongation and division and may inhibit electron transport in plants (19, 31) . The reported modes of action that these pesticides have on fungi and plants may be the same modes of action that they have on B. popilliae.
However, secondary modes of action, accumulation of toxic degradation products, and interaction with different forms of the bacterium (i.e., vegetative cells and spores) make speculation concerning how these chemicals function against B. popilliae premature. The detrimental modes of action that these chemicals exert on B. popilliae are not known.
Accurate records that show fungicide and herbicide use on turf in Connecticut for the past four decades are not available, and comparisons between the extent of pesticide usage and the decrease in the incidence of milky disease could not be made. However, chlorothalonil, triadimefon, iprodione, and pendimethalin became commercially available in 1964, 1973, 1974, and 1973 , respectively (15, 15a, 29) . The availability of these fungicides and herbicide coincides with the time between the last report of high milky disease incidence and the first report of low incidence (3, 7) . In addition, national marketing data collected between August 1988 and February 1989 show that chlorothalonil and iprodione accounted for more than one-half the fungicides used by lawn care professionals and golf course superintendents (2) . Reports on the low incidence of milky disease were based on insect samples obtained from golf courses and public lands (7, 11, 12) ; such sites are typically high-maintenance areas with regard to pesticide usage.
Since many factors control the prevalence of a disease, it is unlikely that the cause(s) of the decline of milky disease incidence that began in the early 1970s will be determined with certainty. However, in this study I found that several synthetic pesticides commonly used on turf have measurable deleterious effects on B. popilliae. It is fair to suggest that use of these pesticides can decrease the incidence of milky disease and may contribute to the continued low incidence of this bioinsecticide.
